OBJECTIVE: To determine whether, for a given body mass index (BMI), men and women with high cardiorespiratory fitness (HIGH CRF) have lower waist circumference (WC), sum of trunk skinfolds (SUM2) and sum of five skinfolds (SUM5), by comparison to those with LOW CRF. DESIGN: Observational cohort study. SETTING: 1981 Canada Fitness Survey (CFS). PARTICIPANTS: A total of 3719 men and 3854 women 20-59 y of age from the 1981 CFS for whom anthropometric and physical fitness measures were available. MAIN OUTCOME MEASURES: BMI, waist circumference, skinfolds, cardiorespiratory fitness. RESULTS: For a given BMI, men and women in the HIGH CRF group had lower WC, SUM2 and SUM5 by comparison to those with LOW CRF (Po0.001). A significant main effect for CRF group remained for SUM2 in both men (P ¼ 0.0001) and women (P ¼ 0.007), after statistical control for the effects of extremity fat. In women, but not men, there were significant interaction effects for WC (P ¼ 0.0023) and SUM5 (P ¼ 0.01), indicating that the difference between the LOW CRF and HIGH CRF groups increased with increasing BMI. CONCLUSIONS: HIGH CRF is associated with lower levels of total and abdominal obesity for a given BMI by comparison to those with LOW CRF, independent of gender. This finding suggests a mechanism by which exercise attenuates the health risks attributed to obesity as measured by BMI. It is suggested that the routine measurement of WC and CRF would substantially improve the ability to identify those at health risk.
Introduction
Although it is generally accepted that obesity conveys a serious threat to public health, 1 evidence from large observational studies suggest that cardiorespiratory fitness (CRF) attenuates much, if not all, of the health risk attributed to obesity. [2] [3] [4] Indeed, Wei et al 4 report that low CRF is associated with premature mortality in individuals classified as normal weight, overweight or obese, independent of other mortality predictors, including smoking, hypertension and type II diabetes. In fact, physically fit obese men had a lower risk of mortality than physically unfit lean men. 4 These observations are puzzling and seem inconsistent with a large body of evidence that links excess adiposity with elevated rates of morbidity and mortality. 1 It is now established that abdominal obesity, as measured by waist circumference (WC), remains a significant predictor of cardiovascular disease and type II diabetes after statistical control for the disease risk predicted by body mass index (BMI) alone. [5] [6] [7] This is consistent with evidence implicating abdominal adiposity in the etiology of numerous metabolic risk factors, 8, 9 and underscores the importance of diminished abdominal fat in the treatment of obesity-related disease. Accordingly, it is known that physical activity with or without weight loss is associated with a marked reduction in WC. 10 In other words, exercise is associated with a reduction in abdominal obesity, in particular visceral fat, independent of any change in BMI. 10, 11 Further, improve-ments in risk factors for coronary heart disease with exercise are more related to the reduction in abdominal adiposity than overall adiposity. 12 These findings suggest that the lower obesity-related health risk attributed to high CRF may be mediated by a correspondingly lower level of abdominal obesity, independent of BMI. If this is true, it would suggest a potential mechanism to explain why CRF attenuates the health risk associated with obesity as measured by BMI. In other words, those with moderate-to-high CRF have lower levels of total and/or abdominal obesity by comparison to those with low CRF. Furthermore, the findings would underscore the liabilities inherent to the use of BMI alone to interpret health risk. The purpose of this study was to test the hypothesis that, for a given BMI, men and women with high CRF have lower WC and sum of skinfolds, in particular sum of trunk skinfolds, by comparison to those with low CRF. To do so, fitness and anthropometric data from the 1981 Canada Fitness Survey (CFS), 13 a large cohort representative of the Canadian population, were used.
Methods

Participants
The 1981 CFS was a representative survey of the Canadian population and included participants from urban and rural areas of all 10 provinces. 13 A target sample of 13 440
households was chosen by Statistics Canada and 11 884 households (88%) agreed to take part. In total, 23 400 people 7-69 y of age participated in one form or another, while approximately 16 000 took part in the physical measures component of the survey. The present analysis uses a sample of 3719 men and 3854 women 20-59 y of age from the CFS for whom anthropometric and physical fitness measures were available.
Anthropometry
Anthropometric dimensions were taken using the standardized procedures of the CFS. 14 Standing height was measured to the nearest 0.1 cm using a Harpenden tape, and body weight was measured to the nearest 0.1 kg using a standing beam balance scale (Seca Corp, Columbia, MD, USA). The BMI was calculated (weight (kg)/height (m 2 )). Subcutaneous skinfolds were measured using a Harpenden skinfold caliper (British Indicators Ltd, London, UK) to the nearest 0.2 mm at the biceps, triceps, medial calf, suprailiac, and subscapular sites. All five skinfolds were summed to provide an index of total subcutaneous adiposity (SUM5), while the two trunk skinfolds (subscapular and suprailiac) were summed to provide an index of central adiposity (SUM2). All skinfold measurements were made on the right side of the body. WC was measured to the nearest 0.1 cm at the point of noticeable waist narrowing with a flexible anthropometric tape.
Cardiorespiratory fitness
Maximal oxygen uptake (VO 2max ) was estimated from submaximal exercise test data collected during a step test (Canadian Aerobic Fitness Test, CAFT). [14] [15] [16] The CAFT is a progressive step test in which participants perform exercise bouts on double 20 cm high steps to a stepping cadence recorded on a cassette tape. The beginning stepping cadence was set based on the participant's age and sex. Heart rates were manually recorded by the test administrator after each exercise test level, and if the heart rate was below a predetermined ceiling, they were allowed to continue to the next level, for a maximum of three bouts. VO 2max was estimated using the following equation: 13, 14 VO 2max ¼ 42:5 þ ð16:6ðVO 2 ÞÞ À ð0:12ðWÞÞ À ð0:12ðHRÞÞ
Àð0:24ðageÞÞ
where VO 2 is the estimated oxygen cost of the last completed exercise level, W the participant's body weight, HR the heart rate after final level of stepping in bpm, and age the participants age in years. Estimated VO 2max was used to split participants into HIGH CRF (upper two quintiles) and LOW CRF (lower two quintiles) groups. The middle quintile was not used in the analyses. The cutoffs for the LOW CRF groups in men and women were o38 ml kg À1 min À1 and o29 ml kg À1 min À1 , respectively, whereas the corresponding cutoffs for the HIGH CRF groups were Z43 ml kg À1 min
À1
and Z33 ml kg À1 min
, respectively. Although direct assessments of VO 2max are preferred, the CAFT has acceptable validity for use in population surveys, 15, 17 particularly when the intent is to classify participants into broad fitness categories.
Leisure-time physical activity
Estimates of leisure-time physical activity levels were obtained from responses to an 11-page questionnaire based on the Minnesota Leisure Time Activity Questionnaire. 13 Leisure-time energy expenditure was calculated as follows:
where N is the number of occasions of activity (i) in the past 12 months, D is the average duration in hours of that activity, and METs is the energy cost of the activity expressed as kiloJoules expended per kilogram of body weight per hour of activity (kcal À1 hr
À1
). The MET values for activities of various intensity levels has been previously established by a panel of exercise physiology experts. 18 Statistical analysis Differences in the relations between BMI and WC, SUM5, SUM2 among HIGH CRF and LOW CRF groups were tested Abdominal obesity and cardiovascular fitness R. Ross and PT Katzmarzyk using general linear models, including age as a covariate. Age, BMI, WC, SUM5 and SUM2 were included in the models in their original continuous scales of measurement, whereas CRF GROUP was entered as a dichotomous variable. Models were run separately for each of WC, SUM5 and SUM2. Both the main effects for CRF GROUP and interaction effects (BMI Â CRF GROUP) were included in each of the models. Each of the effects reported in the results are adjusted for the other variables in the model (ie, WC effects are adjusted for the main effects of both age and BMI). To facilitate comparisons, all figures are shown standardized to 25-and 45-y-old men and women. Given the large mean sex differences in anthropometry and fitness scores, all analyses were stratified by sex. All analyses were conducted with SAS software and procedures. 19 Results Table 1 presents the descriptive statistics for the sample, divided into LOW CRF and HIGH CRF groups. As expected, mean VO 2max is higher in the HIGH CRF groups, and all of the indicators of adiposity are higher in the LOW CRF groups. The mean age of the HIGH CRF groups were lower; thus all subsequent analyses were adjusted for the effects of age. Leisure-time physical activity levels of the HIGH CRF groups were also higher in comparison to LOW CRF groups (236.2 vs 146 kcal day À1 in men and 126.7 vs 98.3 kcal day À1 in women; both Po0.0001).
The results of the general linear models indicate that HIGH CRF men and women have lower WC for a given BMI (main effect, Po0.0001 in men, P ¼ 0.0009 in women) (Figures 1 and 2 ), and the difference increased with increasing BMI in women (interaction effect, P ¼ 0.0023) (Figure 2 ). Being in the HIGH CRF group also resulted in a lower SUM5 for a given BMI in men (main effect, Po0.0001) (Figure 1 ). Women in the HIGH CRF group also had a lower SUM5 for a given BMI (main effect, Po0.0001) and the difference increased with increasing BMI (interaction effect, P ¼ 0.01) (Figure 2) . Further, being in the HIGH CRF group was associated with lower SUM2 for a given BMI in both men and women (main effects, Po0.0001) (Figures 1 and 2) .
All general linear models included age as a covariate. Notably, in both men and women there were significant main effects for age for all indicators of adiposity, after adjustment for the effects of BMI, CRF GROUP, and their interactions (all Po0.0002). Regression lines are presented by CRF GROUP in Figures 1  and 2 , standardized to 25-and 45-y-old men and women, respectively. In women, there are minimal age differences in the relations, as evidenced by similar age coefficients in the regression equations, and confirmed by visual inspection. In men, for the relations between BMI and WC, the effect of CRF group was not influenced by age; however (Figure 1 ), the effects of CRF GROUP on the relationships between BMI, SUM5 and SUM2 are diminished in older men in comparison to younger men.
To examine the relations between BMI and abdominal adiposity (SUM2) independent of extremity fat, a general linear model was tested in which the sum of three extremity skinfolds (triceps+biceps+calf) was included as a covariate in addition to age. A significant main effect for Abdominal obesity and cardiovascular fitness R. Ross and PT Katzmarzyk CRF group remained for SUM2 in both men (P ¼ 0.0001) and women (P ¼ 0.007), after statistical control for the effects of extremity fat. Thus for a given level of adiposity (eg, BMI), those with HIGH CRF had lower levels of abdominal fat by comparison to those with LOW CRF independent of differences in extremity fat.
Discussion
The findings of this study demonstrate that for a given BMI, men and women with moderate-to-high CRF levels have substantially lower levels of total and abdominal adiposity by comparison to those with low CRF. These novel observations suggest a mechanism by which CRF attenuates the health risk attributed to obesity and thereby reinforce the Abdominal obesity and cardiovascular fitness R. Ross and PT Katzmarzyk importance of regular physical activity in the prevention and treatment of obesity-related disease. Further, they highlight the limitations inherent to the determination of health risk by BMI alone and thus underscore the importance of routine measurement of WC and CRF in clinical practice. Data presented in this study support the hypothesis that adult men and women with high levels of CRF are characterized by lower levels of total and abdominal obesity by comparison to those with low CRF, independent of BMI. Diminished abdominal fat observed in the HIGH CRF groups is consistent with previous intervention studies wherein exercise induced a marked reduction in WC and visceral (intra-abdominal) fat independent of a change in BMI. 10, 11 Together these observations underscore the notion that total and/or abdominal obesity may be reduced in response to regular physical activity with or without a corresponding Abdominal obesity and cardiovascular fitness R. Ross and PT Katzmarzyk change in body weight. As such they highlight a limitation inherent to the interpretation of individual health risk using BMI alone, and strongly support the recommendation that WC be employed by clinicians to interpret obesity-related health risk. The results of this study suggest a potential mechanism to explain the CRF attenuation of the premature mortality risk associated with obesity as measured by BMI. [2] [3] [4] On the other hand, a single study has demonstrated that CRF attenuates the risk of premature mortality, across levels of adiposity as measured by densitometry (underwater weighing) and waist circumference. 20 However, it should be noted that within the body fatness categories (o16.7, 16.7-25, and >25%), those with high CRF had significantly lower percent body fat than those with low CRF. This suggests that the categorization of participants into discrete body fatness groups (either based on BMI or body fat) may not have allowed the effects of adiposity to be fully explored across the full range of this continuous trait. A comparison of leisure-time physical activity levels revealed that men in the HIGH CRF group expended on average 236 kcal day
À1
, a value that was about 62% higher by comparison to the LOW CRF group (Table 1) . This discrepancy in energy expenditure may help explain the differences between the HIGH and LOW CRF levels not accounted for by genetic variation 20 and/or dietary energy intake. More importantly, the activity levels within the HIGH CRF group do not reflect extraordinary physical activity participation.
To the contrary, assuming that the recommended 30 min of daily physical activity translates to approximately 200 kcal (eg, walking two miles in 30 min), the physical activity patterns for individuals in the HIGH CRF group were entirely consistent with current recommendations regarding physical activity and public health. 21 Although physical activity levels for women in the HIGH CRF group (123 kcal day À1 ) were 29% higher than the LOW CRF group (98 kcal day À1 ), women in the HIGH CRF group fell below the 200 kcal day À1 target. 22 It is important to note, however, that the energy expenditure values reported for both men and women are for leisure-time physical activity alone and thus, underestimate daily energy expenditure values that include the routine activities associated with, for example, workplace activity. In this study, HIGH CRF was associated with lower total (SUM5) and abdominal (SUM2 and WC) obesity by comparison to LOW CRF in both men and women. This is consistent with other studies that have shown that weight loss induced by diet (caloric restriction) alone, or the combination of diet and exercise, is associated with reductions in total and abdominal fat that are not different in men and women. 23 The effect modification observed for age in men is interesting. That the effects of CRF GROUP persist in older men for WC but not for SUM2 or SUM5, suggests that those in the HIGH CRF group may preferentially mobilize visceral adipose tissue. Although speculative, this suggestion is consistent with the notion that age is associated with an increased deposition of visceral adiposity, and, studies demonstrating a preferential reduction in visceral adiposity with exercise training independent of any change in BMI. 10, 11 The CFS database does not include measures of metabolic risk and thus, whether the combination of HIGH CRF and low WC conveyed a metabolic benefit by comparison to those with LOW CRF is unknown. However, evidence from large cross-sectional and prospective studies demonstrates that WC remains a significant predictor of cardiovascular disease and type II diabetes after controlling for the disease risk predicted by BMI. [5] [6] [7] These observations are consistent with evidence implicating abdominal obesity, in particular visceral fat, in the etiology of numerous metabolic risk factors. 8, 24 Further, it is consistently reported that diminished abdominal fat is associated with corresponding reduction in metabolic risk factors independent of obesity per se. 12, 23, 25 Therefore, it seems reasonable to suggest that the attenuation of obesity-related health risk by CRF is at least partially explained by the concomitantly lower abdominal obesity (eg, SUM 2 and WC). However, research that would confirm the mechanistic link between observations in this study and health outcomes using metabolic data is needed. The mechanisms by which regular exercise attenuates obesity-related health risk is not restricted to a reduction in abdominal obesity. A recent study has provided evidence that the elevated risks of premature mortality associated with having a high BMI can be explained largely by higher fat mass (as measured by skinfolds), whereas the higher mortality risks associated with having a low BMI can be explained by low fat-free mass (as indexed by arm circumference). 26 It is likely, therefore, that HIGH CRF conveys a health benefit by reducing both total and abdominal obesity, this independent of any change in corresponding BMI. Apart from differences in total and abdominal obesity, it is well established that regular exercise is also associated with changes in muscle morphology and metabolism that correspond to a marked decrease in metabolic risk. 27 Thus it is possible that, independent of any change in BMI, those in the HIGH CRF groups are also characterized by changes in skeletal muscle metabolism that favor a decrease in metabolic risk factors, in particular insulin resistance, which themselves are antecedents for the development of type II diabetes and cardiovascular disease. A major strength of the present study is the use of a large, representative sample of men and women from the Canadian population, which includes measurements of adiposity and CRF. Although maximal aerobic capacity was not directly measured, the estimation provided by the step test has acceptable validity, particularly when the sample is divided into broad fitness categories. The present study was limited to using anthropometric indicators of adiposity, more detailed studies testing the hypothesis should be conducted with more precise measures of body fat in specific depots. Although computed tomography and magnetic resonance imaging are not feasible for population surveys, they can now be used for large laboratory-based studies.
Abdominal obesity and cardiovascular fitness R. Ross and PT Katzmarzyk In summary, moderate-to-high CRF is associated with substantially lower levels of total and abdominal obesity for a given BMI by comparison to those with low CRF in both men and women. To the extent that obesity, in particular abdominal obesity, conveys an increased health risk, this finding suggests a mechanism by which exercise attenuates the health risks attributed to obesity as measured by BMI. Accordingly, it is suggested that the routine measurement of WC and CRF would substantially improve the ability to identify those at health risk. Although the assessment of CRF may be expensive and unfamiliar to some, clinicians are encouraged to seek the expertise of appropriately certified health and fitness professionals for whom the assessment of fitness is routine.
